Background--Atherosclerosis is a chronic inflammatory disorder whose development is inversely correlated with high-density lipoprotein concentration. Current therapies involve pharmaceuticals that significantly elevate plasma high-density lipoprotein cholesterol concentrations. Our studies were conducted to investigate the effects of low-dose lipid-free apolipoprotein A-I (apoA-I) on chronic inflammation. The aims of these studies were to determine how subcutaneously injected lipid-free apoA-I reduces accumulation of lipid and immune cells within the aortic root of hypercholesterolemic mice without sustained elevations in plasma high-density lipoprotein cholesterol concentrations.
A therosclerosis is a chronic inflammatory disease characterized by accumulation of cholesterol within immune cells located in the artery wall. Several decades of observational studies have shown that the concentration of plasma high-density lipoprotein (HDL) cholesterol (HDL-C) is inversely associated with risk of myocardial infarction (MI), 1 spurring the belief that pharmacotherapeutics aimed at raising plasma HDL concentrations could prevent or reduce the rate of MI. 2 Recently, a study using Mendelian randomization analyses found that a genetic score derived from 14 variants known to change HDL-C concentration showed no statistical association with MI. 3 This study challenges the established view of plasma HDL-C concentration as a biomarker, as it has been unconditionally accepted that raising plasma concentrations would directly translate into reductions in MI rates. Although this study emphasizes the potential constraints of using plasma HDL-C concentration as a surrogate measure for risk of MI, its own limitations include suitable genetic variants, reliable genotype to disease estimates, and the possibility of pleiotropic effects of the genetic variants of interest. Combining this study with numerous reports documenting a general lack of efficacy of drugs that raise HDL-C by inhibiting movement of cholesteryl ester (CE) out of HDL 4 has fostered a number of new ideas to explain the protective properties of HDL. These concepts are based on the hypothesis that not all particles comprising plasma HDL are created equal, as well as whether total HDL-C concentration in all cases reflects HDL particle number. [5] [6] [7] [8] To address these concepts, the term HDL particle functionality has replaced HDL-C concentration. With time, these ideas will be thoroughly tested and evaluated to determine whether they provide a more reliable biomarker for predicting the risk of MI 9-13 than plasma HDL-C concentrations alone. HDL functionality follows seamlessly from recent studies showing that plasma HDL can stimulate cellular cholesterol removal and is referred to as cholesterol efflux capacity. These studies demonstrate that an individual's plasma HDL stimulates cholesterol removal from cells and that the rate of removal is a better predictive measure of MI risk than total HDL-C concentration. [14] [15] [16] [17] Since the majority (%98%) of HDL particles in plasma are cholesterol enriched, it is not entirely clear which fraction(s) are responsible for driving cholesterol efflux capacity from artery wall cells. Most studies suggest that ABCA1 effluxes cholesterol most efficiently to lipid-free or lipid-poor apolipoprotein A-I (apoA-I); however, only %2% of plasma HDL can be considered lipid-poor, 18, 19 leaving a less than adequate explanation of how lipid-poor apoA-I is generated at the artery wall. It is possible that since plasma HDL particles are highly heterogeneous, they participate in dynamic processes and are remodeled at the artery wall. 13, [20] [21] [22] [23] It is known that a variety of molecules carried on plasma HDL impact the development of atherosclerosis, and cholesterol is undoubtedly one, if not the most, important. Thus, when HDL particles are functional they remove excess arterial cholesterol that is eventually carried to the liver for excretion, completing the reverse cholesterol transport pathway. Reverse cholesterol transport depends in large part on the unique properties of apoA-I, the main protein constituent of plasma HDL. ApoA-I has been extensively studied and is known to possess structural properties that allow it to efficiently package large amounts of cholesterol 24, 25 through its interaction with ABCA1 26, 27 at the cell surface.
A number of different approaches have been attempted in both animal models and in humans to employ apoA-I as a therapeutic agent. These studies aim to reduce arterial cholesterol accumulation via infusion of homologous HDL 28 or delipidated HDL, 29 while the majority of studies have focused on infusing recombinant HDL, a stable complex of phospholipid and apoA-I. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Overall, HDL-directed therapeutics appear to be promising but have continued to rely on the concept that raising plasma HDL concentrations is consistent with efficacy, despite the complications that arise from infusion of large amounts of phospholipid reconstituted with apoA-I. 40 Previous studies from our laboratory have focused on the administration of lipid-free human apoA-I to reverse the autoimmune-like phenotype that develops in diet-fed lowdensity lipoprotein (LDL) receptor, apoA-I (Ldlr À/À apoA-I À/À ) double knockout mice. [41] [42] [43] [44] [45] Under these conditions, plasma HDL-C concentrations were not appreciably increased following injection, yet significant reductions in excess cellular cholesterol, as well as significant changes in regulatory T-cell numbers, were documented. 42, 44 In the current studies, we sought to explore the mechanistic basis explaining the apparent protective effects of subcutaneously administered low-dose apoA-I treatment without increasing HDL-C concentrations.
Methods

Animals and Diet
Ldlr À/À and Ldlr À/À apoA-I À/À male mice 41 were put on a Western diet (42% calories from fat, 0.2% calories from cholesterol) (Envigo-Teklad, #TD 88137) at 4 weeks of age. At the time of necropsy, the mice were fasted for 3 hours prior to being anesthetized with ketamine/xylazine. Euthanasia and blood collection were by cardiac puncture. Numbers of specific genotype used for each study/assay are indicated in each of the figure legends. All mice were bred and housed in microisolator cages in a pathogen-free animal facility of the Medical College of Wisconsin (MCW). All experiments followed guidelines of the MCW Animal Care and Use Committee and the approval of the use of rodents was obtained from MCW according to criteria outlined in the Guide for the Care and Use of Laboratory Animals from the National Institutes of Health.
apoA-I, was dialyzed and then filtered through 45 lm Spin-X centrifuge filters (Costar) and stored at 4°C. Groups of mice from each genotype received either 200 lg of lipid-free apoA-I or 200 lg of bovine serum albumin (BSA; Sigma, St. Louis, MO). Both were prepared at the same concentration and the filter sterilized. After feeding the mice a Western diet for 6 weeks, they were injected subcutaneously 3 times a week for 6 weeks with either BSA or apoA-I while still consuming the Western diet.
Plasma Lipoprotein Isolation, Characterization, and ELISA
Blood was collected in tubes containing EDTA then centrifuged at 2000 g for 10 minutes at 4°C. Total plasma cholesterol (TPC) and HDL-C were determined using an enzymatic assay kit (Wako Diagnostics Cholesterol E) after lipoprotein class separation on a Superose 6 10/300GL column (GE Healthcare), as previously described. 47 Human apoA-I in mouse plasma was determined using an Abcam human ApoA-I ELISA kit.
Histology and Immunofluorescence Microscopy
At the time of sacrifice, a 21G butterfly needle was inserted into the left ventricle, the atrium was clipped, the heart and aorta were perfused with saline for 5 minutes, and then the heart was removed and cleaned of fat and adventitia. Mouse heart and aorta were embedded in optimal cutting temperature medium and then sectioned for staining and immunohistochemistry. For quantification of total and percent lesion area, optimal cutting temperature-embedded aortas were cut into sequential 6-lm sections using a Leica cryostat at À50°C. Tissue sections were stained in 0.5% Oil Red O (ORO) dissolved in propylene glycol overnight, then counterstained with hemotoxylin. Masson's trichrome stain was used to assess the connective tissue content of the aortic root. Quantification of staining was performed after sections were digitized using a Nikon microscope and Image-Pro Plus 6.2 software and quantified using NIS Elements software (Nikon Instruments Inc). Eight to 10 sections from intervals of 30 lm were used for morphological analyses and averaged to obtain a value for each animal. Results are expressed as both the percentage of lesion area and absolute lesion area, as previously described. 47 For immunofluorescence microscopy, purified rat antimouse CD68 (AbD FA-11-Serotec) at a 1:100 dilution was used as the primary antibody. Slides were incubated for 1 hour in PBS containing 2% fetal calf serum, washed with PBS, and then incubated with a 1:300 dilution of Cy3-conjugated goat anti-rat IgG antibody (Rockland) for 30 minutes at room temperature. After briefly washing the slides with PBS, they were stained with DAPI to visualize nuclei and then mounted with Fluoro-Gel (Electron Microscopy Sciences). Immunofluorescence was visualized using a Nikon Eclipse TE2000-S microscope and the total and percent of CD68 staining was quantified using Nikon Elements Software, as previously described. 47 Isolation of Mouse Immune Cells, PBMC, and Flow Cytometry
Whole blood (%800 lL) was collected via cardiac puncture using a heparinized syringe and placed into a 15-mL tube containing 5 lL of 100 mmol/L EDTA and then mixed to prevent coagulation. Added to this tube was 10 mL of prechilled ACK (Lonza) buffer mixed thoroughly by inversion and allowed to sit on ice for 5 minutes. The sample was spun for 5 minutes at 2000 rpm in a swinging bucket rotor at 10°C. Following the spin, the entire supernatant was removed, the peripheral blood mononuclear cells (PBMCs) resuspended in 1 mL of PBS pH 7.4 without Ca 2+ and Mg 2+ , transferred to a 1.5-mL tube, and then spun at 2000 rpm for 5 minutes at 4°C. The pellet was washed 1 or 2 more times with PBS to remove residual platelets and the PBMC was resuspended and then counted before FACS. Mouse spleen and bone marrow cells were passed through a 40-lm cell strainer, washed with ice-cold PBS, and then lysed once with cold ACK lysis buffer as described for the PBMCs. Aortas were explanted after perfusion with ice-fold PBS, cleaned and digested with DNase I, collagenase type I, collagenase type XI, and hyaluronidase type I, as previously described. 48 
Ex Vivo Unloading and Loading Assays
Whole blood (%800 lL) was collected via cardiac puncture using a heparinized syringe and placed into a 15-mL tube containing 5 lL of 100 mmol/L EDTA, then mixed to prevent coagulation. Added to this tube was 10 mL of prechilled ACK (Lonza) buffer mixed thoroughly by inversion and allowed to sit on ice for 5 minutes. The sample was spun for 5 minutes at 2000 g in a swinging bucket rotor at 10°C. Following the spin, the entire supernatant was removed, the PBMCs resuspended in 1 mL of PBS pH 7.4, transferred to a 1. 
Detergent-Free Lipid Raft Isolation
Subcellular fractions were prepared from freshly isolated J774 cell pellets pooled from 15-to 100-mm dishes for each treatment. The cells were washed prior to harvest with 10 mmol/L Tris pH 8, then released from the plate using Versene (Lonza). The combined cell pellets for each treatment group were taken up in 900 lL of detergent-free lysis buffer containing protease inhibitors (10 mmol/L Tris, pH 8,
5 mmol/L NaF) and passed through a 23G syringe needle for at least 20 to 40 times. Cell lysate was centrifuged for 5 minutes at 1000 g at 4°C to obtain the postnuclear supernatant (PNS). The postnuclear supernatant was adjusted to 1.6 mL with lysis buffer, of which 0.1 mL was saved and the remaining 1.5 mL mixed with 3.3 mL of 65% sucrose dissolved in 10 mmol/L Tris, pH8, to obtain a 45% sucrose solution (density=1202.5 kg/m 3 ) and then transferred to a centrifuge tube. On top of the 45% sucrose solution, 4.8 mL of a 35% sucrose solution (d=1390.2 kg/m 3 ) was carefully overlaid, followed by 2.4 mL of a 5% sucrose solution (d=1340.3 kg/m 3 ). The samples were spun overnight at 40 000 rpm in a Beckman SW40 rotor maintained at 15°C. The next day, each tube was fractionated into 8 or 9 sequential fractions using an autosampler pumping FluorInert (Sigma) at a constant rate. The fractions were immediately frozen and stored at À80°C until assayed.
Immunoblotting
Western blot was performed following total protein isolation following extraction using RIPA buffer (Cell Signaling Technologies) as described 47 or using detergent-free lipid raft fractions. All blots were run after separation on 12% SDS-PAGE. Protein aliquots were diluted with 4X LDS buffer (Novex) to which DTT had been added to achieve a final concentration of 100 mmol/L. Samples were heated to 70°C for 20 minutes.
Transfer to PVDF membrane (Perkin-Elmer) was accomplished after treatment with Tris-glycine pH8.3 buffer using a semi-dry blot (BioRad) apparatus running for 30 minutes at 10 V. Membranes were blocked with 5% nonfat dry milk in 10 mmol/L Tris-glycine, pH7.4 buffer, and processed. The membrane was incubated with the primary antibodies, flotillin (BD Biosciences), tubulin (Abcam), and interleukin (IL)-3Rb (Santa Curz), overnight at 4°C. Blots were washed and then incubated with an HRP-conjugated anti-mouse or rabbit IgG secondary antibody (GE Healthcare) at a 1:5000 dilution for 1 hour at room temperature. Blots were washed again and then incubated with Supersignal West Pico chemiluminescence substrate (Pierce). Blots were exposed to x-ray film (MidSci) and intensities quantified using Image J software.
Lipid Composition
TC and free cholesterol (FC) determinations were performed on cell extracts or fractions from lipid raft isolations, which had been spiked with the internal standard, cholesterol-3,4-13 C 2 (Sigma-Aldrich), and subjected to lipid extraction, as previously described. 44 To measure FC, an aliquot was removed, evaporated under argon, dissolved in hexane, and then injected on a Thermo Scientific TSQ 8000 tandem mass spectrometer interfaced to a Trace 1310 gas chromatograph (GC/MS/MS) equipped with a Triplus RSH autoinjector. The following parameters were employed in the positive ion mode: scan time 0.1 second, collision energy 10 V, emission current 25 lA, electron energy 42 eV, source and transfer line temperature 280°C, and flow rate=2.5E-8 m 3 /s. Analysis was carried out using a TG-SQC column (15 m90.25 mm I.D.) with a 0.25-lm film thickness. For quantifying TC, the remaining sample was dried under a stream of nitrogen, redissolved in 1 mL of ethanol, mixed with 100 lL of 50% (w/w) aqueous potassium hydroxide, and then saponified for 1 hour at 65°C. After extraction, TC was measured and CE calculated as the difference between FC and TC. Phospholipid content was determined on raft fractions, as previously described.
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Statistical Analysis
GraphPad Prism version 5 was used for statistical analysis and the data are reported as meanAESD. Differences between groups were evaluated by independent t tests and by ANOVA with Tukey's post hoc test.
Results
Previous studies from our laboratory have focused on elucidating mechanism(s) responsible for the atheroprotective properties of HDL apoA-I. In those studies, we first used subcutaneous (SC) injections of 500 lg of lipid-free human apoA-I to treat diet-fed Ldlr À/À apoA-I À/À mice and reverse the symptoms associated with an autoimmune phenotype developing in mice fed a Western diet. 41, 43 In these studies, injections of BSA, an irrelevant protein, at the same concentration did not reduce or suppress cholesterol loading and subsequent autoimmune phenotype. 44 Despite the reversal of cholesterol deposition in the skin and skin-draining lymph nodes, diet-fed Ldlr À/À apoA-I À/À mouse plasma showed only a small transient increase in HDL or apoA-I concentration %3 to 4 hours following injection. 44 Taken together, these observations suggested that apoA-I delivered in small, consistent amounts would prevent and/or regress lipid deposition in peripheral tissues without sustained elevation of plasma HDL or apoA-I concentrations. This conclusion, however, appears to be inconsistent with current perceptions regarding plasma HDL as a therapeutic agent, since it is believed that efficacy towards reducing atherosclerosis is best achieved when HDL-C concentrations are elevated.
Study Design and SC Administration of Lipid-Free ApoA-I
The design of the current study is illustrated in Figure 1A .
Groups of age-matched male Ldlr À/À and Ldlr À/À apoA-I À/À mice were fed a Western diet for a total of 12 weeks. Starting at 6 weeks of the diet, a group (n=10) from each genotype began receiving injections of 200 lg lipid-free human apoA-I (%4 mg/kg) 3 times a week for the remainder of the 12 weeks of study. Another group representing the control group underwent the same treatment regimen but received 200 lg of BSA instead of apoA-I. In a previous study, we found that %10% of the lipid-free apoA-I that was subcutaneously injected reached the plasma compartment, peaking %3 to 4 hours post-injection and resided on plasma HDL particles. 44 We again examined the time course appearance of human apoA-I in plasma following SC injection of lipid-free apoA-I in diet-fed Ldlr À/À mice, as shown in Figure S1 . These data indicate that %6% to 8% of the injected human apoA-I appears and peaks in plasma by 3.5 hours post-SC injection. We next examined the effect of this small amount of lipid-free human apoA-I on TPC and HDL-C concentrations. Figure 1B and 1C shows the TPC and HDL-C concentrations for each genotype and treatment group, respectively, and suggests that neither the TPC or the HDL-C concentrations were significantly elevated by the apoA-I or BSA treatments over the course of the study, as previously reported. 44 We also show in Figure 1D that the ratio of esterified cholesterol (EC) to TC in plasma was similar between groups, suggesting that serum LCAT activity and/or the rate of FC to EC conversion was not affected by the apoA-I or BSA treatment. 24 It should be noted that the plasma cholesterol concentrations in dietfed Ldlr À/À apoA-I À/À mice averages %600 mg/dL, nearly half as that seen for Ldlr À/À mice (1200 mg/dL). Interestingly, this difference is largely due to differences in very LDL and LDL cholesterol. 41 The mechanism(s) behind this genotype-specific response to Western diet consumption remains unclear but appears to involve aspects of the autoimmune-like phenotype associated with the profound disruption in cholesterol homeostasis.
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ApoA-I Treatment Reduces Aortic Lipid and Immune Cell Deposition
We next examined the effect of lipid-free apoA-I treatment on the extent of atherosclerosis in both genotypes of mice. Figure 2A and 2C show representative slides of the atherosclerotic burden assessed after staining aortic root sections with ORO shown in Figure 2A and CD68 immunofluorescence shown in Figure 2C , respectively. In Figure 2B and 2D, the results of ORO quantification and CD68 staining are expressed as total lesion area, respectively. Figure 2A shows representative aortic root sections for both genotypes, AEapoA-I treatment (starting at top left to right: BSA-treated Ldlr À/À apoA-I À/À and Ldlr À/À mice, then bottom left to right: apoA-I-treated Ldlr À/À apoA-I À/À and Ldlr À/À mice).
Quantitation of neutral lipid staining was expressed as total ORO area in lm 2 , as shown in Figure 2B . These data indicate that 6 weeks of lipid-free apoA-I treatment during Western diet consumption reduced neutral lipid content by %65% in Ldlr À/À apoA-I À/À mice and %50% in Ldlr À/À mice.
Staining the aortic root for CD68 is commonly used as a marker for macrophage infiltration. Figure 2C shows Figure 2D . These data indicate that 6 weeks of lipid-free apoA-I treatment during Western diet consumption reduced CD68 + infiltration by %50% in Ldlr À/À apoA-I À/À mice and %35% in Ldlr À/À mice.
Thus, it appeared that the effects of apoA-I treatment on 
ApoA-I Treatment Reduces CD131 Expressing PBMCs Correlating With Reduction in EC/TC Ratio
Atherosclerosis data suggest that treatment with lipid-free apoA-I reduces both lipid and immune cell infiltrates into mouse aorta, so we next investigated whether these treatments might also reduce the numbers or types of circulating immune cells in blood. To do this, we isolated PBMCs from Ldlr À/À mice that had been part of the same study design as illustrated in Figure 1A . In these studies, PBMCs were purified then stained using fluorescent antibodies to surface receptor markers and then analyzed by FACS. Figure 3A shows representative flow cytometry plots of forward and side scatter for live PBMCs isolated from Ldlr À/À mice fed chow, a Western diet, or Western dietAEapoA-I treatment, respectively. From each of these plots of forward and side scatter, CD45 + cells were gated, as shown in Figure 3C . Cells positive for CD45 + were then quantified, as shown in Figure 3D , for both their percentage and their total number of CD45 + PBMCs in each treatment group. As noted in previous reports, cholesterol-containing diets tend to expand the number of immune cells in peripheral blood of hypercholesterolic mice [54] [55] [56] [57] [58] while increased expression of apoA-I reduces their expansion. 31, 59 In the present study, CD45 + PBMCs showed only a trend towards a change in their total numbers in response to apoA-I treatments, while no difference in the percentages among groups was observed. On the other hand, the effect of apoA-I treatment was found to be highly significant with respect to the expression of CD131 surface receptor. Figure 3E and 3F shows representative histograms of CD45 + PBMCs expressing CD131 + in each of the 3 treatment groups along with their quantitation, respectively. CD131 is known as the common b subunit of the IL-3 receptor, which binds and binds the ligands, IL-3, granulocyte-macrophage colony-stimulating factor (GM-CSF), and IL-5 and has been shown to be associated with stimulation of stem cell expansion in apoE À/À mice. 60 Here we see a significant increase in both the percentage and number of PBMCs expressing CD45 + CD131 + in response to the Western diet and a decrease in response to apoA-I treatment in Ldlr À/À mice. Reductions in the number of CD131 expressing cells in apoA-I-treated Ldlr À/À apoA-I À/À mice were similar to that seen in Ldlr À/À mice (data not shown). Interestingly, this reduction in CD131 expressing PBMCs was mirrored by changes in the ratio of EC to TC measured in PBMCs from the same mice as used for FACS analyses, as shown in Figure 3B . These data suggest that Western diet consumption elevates PBMC EC/TC content, likely a signal of excess cellular cholesterol and, thus, foam cell formation, while the supplemented apoA-I stimulates the removal of cholesterol via efflux and the formation of nascent HDL particles. 27, 44 To determine whether the changes seen in the EC/TC ratio in mouse PBMCs translated to human blood cells we obtained 56 PBMC samples from human participants in the TOPS Club, Inc, study. Cells were subjected to mass spectrometry and each individual's PBMC EC/TC ratio was plotted versus their HDL-C concentration, as shown in Figure S2 . Interestingly, a significant inverse correlation was observed (P<0.009) between PBMC EC/TC ratio and plasma HDL-C concentration, suggesting that the PBMC EC/TC ratio is significantly influenced by the plasma HDL concentration and may be linked to determining the functionality of the HDL particles in promoting efflux from circulating immune cells.
To identify PBMC subsets expressing CD131 that were affected by apoA-I treatment, PBMCs from diet-fed Ldlr À/À miceAEapoA-I treatment were stained for monocyte and neutrophil surface markers and analyzed by FACS. Figure 4A shows representative plots for CD115 + Ly6C + expressing cells, which are thought to represent markers of inflammatory monocytes in circulation. Figure 4C shows representative plots for CD11b + Ly6G + expressing neutrophils. All plots shown were first gated for live CD45 + cells for each of the respective treatments indicated. To determine the level of CD131 expression, histograms were created from the CD115 + Ly6C + monocytes population for mice fed dietAEapoA-I treatment as well as for the CD11b + Ly6G + neutrophil population. Representative histograms show that after mice were treated with apoA-I, a reduction in the number of CD131 cells were observed. Quantification of data is shown in Figure 4B and 4D for monocytes and neutrophils, respectively. Reductions in the number of CD131 expressing cells in apoA-I-treated Ldlr À/À apoA-I À/À mice were similar to that seen in Ldlr À/À mice (data not shown). Overall, these data show both PBMC subsets display a significant reduction in numbers of CD131 + expressing cells following apoA-I treatment of Ldlr À/À mice fed a Western diet.
ApoA-I Reduces EC/TC Ratio and CD131 Expressing Cells in Spleen, Bone Marrow, and Artery
We next examined the EC/TC ratio from single-cell suspensions isolated from mouse spleen, bone marrow, and artery and then compared them with the number of CD131 expressing cells in these compartments. Figure 5A and 5D show the EC/TC ratio for cells isolated from spleen and bone marrow cells, respectively, from Ldlr À/À and Ldlr À/À apoA-I À/ À mice fed either chow, Western diet, or Western dietAEapoA-I.
In addition to these immune cell compartments, cells isolated from arterial explants, shown in Figure S3 , also showed a decrease in their EC/TC ratio. As seen with mouse PBMCs, apoA-I treatment significantly reduced the EC/TC ratio in these immune cell compartments and this change correlates with a reduction in the number of cells expressing CD131 + , as shown by the histogram and its quantification in Figure 5B and 5C for Ldlr À/À mice treated with apoA-I, respectively.
These same analyses were performed on single-cell suspensions from bone marrow (shown in Figure 5E and 5F) in which a similar reduction in cell numbers in mice treated with apoA-I was observed. Results obtained from Ldlr À/À apoA-I À/À mice were similar to those shown for Ldlr À/À (data not shown).
Overall, these data suggest that small continuous doses of lipid-free apoA-I have a dramatic impact on all immune cell compartments stimulating a reduction in cellular EC content increased by the hypercholesterolemia but have little to no effect on bulk plasma cholesterol concentrations. Based on the effect of apoA-I on the number of CD131 expressing cells in mouse bone marrow, we next determined whether apoA-I treatment affected hematopoietic stem and multipotential progenitor cells (HSPCs) expressing CD131. 
ApoA-I Modulates Immune Cell Microdomain Cholesterol Composition
Results suggest that apoA-I administered to diet-fed Ldlr
mice decrease the number of CD131 + expressing cells regardless of immune cell compartment. These data also suggest a cause and effect relationship between apoA-I administration and reductions in the EC/TC ratio. We next investigated whether we could deplete cellular cholesterol in ex vivo PBMCs following incubation with lipid-free apoA-I. Figure 7A shows the EC/TC, FC, EC, and TC content in freshly isolated ex vivo PBMCs isolated from diet-fed Ldlr À/À mice incubated with 40 lg/mL of lipid-free human apoA-I for 4 hours at 37°C, 5% CO 2 . Following the incubation, cells were gently spun and washed with PBS then stored at À80°C until mass spectrometry was performed. These data show that lipid-free apoA-I promotes a significant removal of EC stored in PBMCs from hypercholesterolemic mice. Alternatively, ex vivo PBMCs from chow-fed Ldlr À/À mice were incubated with human LDL and found to become cholesterol enriched, as shown in Figure 7B . A significant increase in EC/TC ratio was observed only when PBMCs were incubated with 150 lg/mL of human LDL protein. IL-3, GM-CSF, and IL-5 receptors, has been shown to be activated when localized to lipid rafts 56, 61 we sought to determine whether apoA-I altered its distribution within microdomains. To test this hypothesis, an in vitro model of mouse monocytes, J774 cells were utilized. First, cells were incubated with or without 100 lg/mL LDL to elicit cholesterol loading, after which the medium was removed and the cells were washed and incubated with serum-free medium containing either 40 lg/mL of apoA-I or BSA. Figure 8A shows the changes in the EC/TC ratioAEpreincubation with LDL after which the medium was replaced with either lipidfree apoA-I or BSA. These data show that incubation with lipidfree apoA-I resulted in a decrease in the cellular EC/TC ratio, while BSA did not, regardless of whether the cells were preloaded. We next examined the composition of the J774 microdomains after each of the various treatments. To do this we performed a nondetergent extraction on J774 cells followed by sucrose density gradient centrifugation and fractionation. Figure 8B shows the results of Western blots of individual density fractions run on 12% SDS PAGE for each of the indicated treatments of J774 cells. For each treatment, blots were probed for flotillin to identify fractions associated with lipid rafts, and tubulin to identify fraction associated with nonraft fractions. In addition, blots were also probed with antibodies to IL-3b receptor to determine its localization within the sucrose gradient. Lipid rafts typically migrate in a density range between %15% to 25% sucrose, corresponding to fractions 2 to 4, while the nonraft fractions migrate to ester cholesterol to total cholesterol (EC/TC) ratios for single-cell suspensions prepared from Ldlr À/À and Ldlr À/À apoA-I À/À mouse spleen and bone marrow, respectively, which were assayed for free and total cholesterol by mass spectrometry. In both genotypes and in both immune cell compartments, treatment with apoA-I reduced the EC/TC ratio. Aliquots of cells from the same mice were analyzed for surface markers using fractions with sucrose densities of %35% and higher, typically residing in fractions 6 to 8. Here we see that in J774 cells that were not preloaded with LDL, the lipid raft marker, flotillin resides mainly in fractions 2 and 3 with a small amount in a nonraft fraction 6, while tubulin is mainly located in fractions 7 and 8. Also under these basal conditions, the L3b receptor shows a signal in fraction 3 with the majority of the receptor migrating to nonraft fractions. However, when the J774 cells were preloaded with LDL, we saw a more intense flotillin signal in fraction 3 and a greater signal of IL-3b receptor in fractions 2, 3, and 4, with corresponding less in the nonraft fractions. Finally, when preloaded J774 cells were treated with apoA-I, there was a reduction in the flotillin signal in fraction 3, with a greater signal in fraction 7, and a similar shift in signal from raft to nonrafts for IL-3b receptor.
Confirming the separation of lipid raft from nonraft, Figure 8C shows the compositional analysis by mass spectrometry of the cholesterol to phospholipid ratio for individual fractions following sucrose density gradient centrifugation. In J774 cells, treatment with LDL results in a significant increase in the fraction 3 ratio of cholesterol to phospholipid, which is significantly reduced when preloaded J774 cells are incubated with apoA-I, but not BSA. In J774 cells that have not been preloaded with LDL, a lower cholesterol to phospholipid ratio is seen in fraction 3, indicating that the lipid raft content is highly sensitive to LDL-associated cholesterol loading in the culture medium. Finally, to confirm and quantify the distribution of signal intensity for the different Western blot probes, exposed film was scanned and the signal intensities for each band compared for each of the 3 conditions, as shown in Figure 8D and 8E. J774 cells incubated with LDL showed a marked increase in the ratio of signal intensity of flotillin (lipid raft) to tubulin (nonraft) when compared with nonloaded cells. This intensity was reduced when LDL-treated cells were incubated with apoA-I, as shown in Figure 8D . The intensity of the IL-3b receptor signal in rafts fractions 2 to 4 increased significantly in cells preloaded with LDL, over nonloaded cells. Interestingly, when the preloaded cells were treated with apoA-I, a reduction in the IL-3b signal was seen in fractions 2 and 4 with a large corresponding shift in intensity to nonraft fractions 7 and 8. Overall, these data strongly support the concept that apoA-I modulates lipid raft or microdomain cholesterol levels by removing the cholesterol from the cells in the form of nascent HDL particles. 27 
Discussion
The current studies demonstrate that low-dose, but continuous, treatment of diet-fed Ldlr À/À and Ldlr À/À apoA-I À/À mice with lipid-free apoA-I reverses immune cell expansion and the development of atherosclerosis that was induced by hypercholesterolemia. Interestingly, treatments with apoA-I did not significantly alter plasma cholesterol concentrations, eg, LDL or HDL-C concentrations, suggesting rather than affecting whole body cholesterol balance, the main effect is on immune cell cholesterol balance as shown by the changes in the cellular EC/TC ratio. This unique ability of lipid-free apoA-I to first stimulate removal of cellular cholesterol and secondly to structurally support formation of soluble cholesterol-containing particles, termed nascent HDL, destined for catabolism underlies its protective function in coronary heart disease. Because atherosclerosis is considered a chronic inflammatory disorder, excess intracellular cholesterol within the immune cells stimulate cellular proliferation causing an increase in their production and presence in circulating blood. Our studies represent an extension of work first reported by originally discovered while investigating the molecular defect in individuals with Tangier disease who lacked normal levels of plasma HDL. 76 It was quickly realized that the cholesterol transport function of ABCA1 was essential in maintaining lipid raft composition and function. [77] [78] [79] [80] [81] [82] [83] [84] [85] To remove cholesterol efficiently from the cell, ABCA1 requires the assistance of proteins that solubilize and organize hydrophobic cholesterol molecules into lipoprotein particles and target them to the liver for elimination. 25 One such protein, apoA-I, the principal protein constituent of HDL, 24 is uniquely capable of these functions and is also one of the most abundant proteins present in plasma 17 and lymph. 86 Further recognition that cholesterol efflux and lipid raft cholesterol maintenance were one and the same process followed after discovering that the lipid composition of nascent HDL was similar to that typically Approximately 3910 5 cells were incubated with 40 lg/mL of lipidfree human apoA-I in serum-free medium for 4 hours at 37°C. Following the incubation, the cells were washed with PBS then stored at À80°C until mass spectrometry was performed, as described in the Methods section. B, The EC/TC ratio following incubation of %3910 5 PBMCs from chow-fed Ldlr À/À mice incubated with 150 lg/mL of human LDL protein for 30 minutes, 1 hour, or 6 hours in a final volume of 1 mL of serum-free medium. Following incubation, the cells were washed extensively with PBS then stored at À80°C until mass spectrometry was performed as described in the Methods section. Results are expressed as the meanAESD for 4 to 6 mice per group. Unlike letters indicate statistical significance at P<0.05.
found in microdomains from cell membranes. 27, 87 SC injection of microgram amounts of lipid-free apoA-I into mice has resulted in improved immune cell function and reduced atherosclerosis while not appreciably changing the plasma HDL-C concentration. 42 , 44 These results demonstrate that critical changes in cholesterol concentrations associated with the artery may be accomplished with moderate or no change in the total plasma HDL-C concentration. Net accumulation of immune cells in aortic plaques is proportional to monocyte recruitment from bone marrow along with peripheral proliferation, including within the plaque, 73, 88 Interestingly, native, but not acetylated LDL, was found to support human lymphocyte proliferation when endogenous cholesterol synthesis was inhibited, 98 suggesting that uptake of modified LDL markedly impairs intracellular regulation of lymphocyte cholesterol. The process by which immune cells respond to alterations in cholesterol homeostasis has been extensively studied in HSPCs in bone marrow, which give rise to monocytes and neutrophils. 56, 59 HSPCs from both apoE À/À mice and Abca1 À/À , Abcg1 À/À mice display increased cell surface levels of the common b subunit of the GM-CSF and IL-3 receptors 60 due to increased cellular cholesterol concentrations. Bone marrow HSPC expansion in response to hypercholesterolemia leads to neutrophilia and monocytosis, the latter leading to more inflammatory monocytes that are likely to infiltrate and remain in the artery wall. 73 IL-3 and GM-CSF contribute to leukocyte proliferation, differentiation, and survival and share a common b-chain receptor subunit CD131. IL-3 binds to the heterodimer IL-3 receptor a-chain, CD123, and CD131, leading to excessive leukocyte proliferation and fueling a cytokine storm that has recently been linked to atherosclerosis, exacerbation of MI, heart failure, and sepsis. 99, 100 Studies have shown that CD131 localizes to lipid rafts when stimulated with GM-CSF, leading to activation of p38 mitogen-activated protein kinases, which activate cytokine gene expression. 101 Increased cholesterol content of the outer leaflet of the macrophage plasma membrane was associated with increased Rac1 signaling and activation and a decrease in chemotaxis, 102 suggesting that both ABCA1
and ABCG1 are involved in regulating the microdomains in these cells. The central role of lipid microdomains in cell signaling and the constant necessity for regulating expansion and contraction of these microdomains attests to the importance of therapies that focus on the regulating cholesterol homeostasis. Although the use of statins can reduce plasma cholesterol levels, regulation of cellular lipid microdomains requires cholesterol efflux via apoA-I-or apoE-mediated pathways.
Conclusions
We conclude that apoA-I treatment in hypercholesterolemic mice reduced lipid and immune cell accumulation within the aortic root by systemically reducing microdomain cholesterol content in immune cells. These data suggest that lipid-free apoA-I mediates beneficial effects through attenuation of immune cell lipid raft cholesterol content, which has the ability to affect numerous types of signal transduction pathways that rely on microdomain integrity for assembly and activation, without changing the levels of plasma HDL-C. These studies have important implications as therapeutics are sought for the protection against the development of cholesterol accumulation within the artery wall.
SUPPLEMENTAL MATERIAL
Figure S1 -/-mice were subcutaneously injected with either 200 µg of lipid-free human apoA-I or BSA every other day. Arterial explants were cleaned and digested, as described in Methods then the EC/ TC ratio determined by mass spectrometry. Data show mean + SD from n=3-5 mice.
